The electroplating process was then performed with a stable plating solution kept at about 55 C for 90 min.
The patterned LLO process was conducted using a KrF excimer laser (248 nm) directing through a quartz mask to the back of polished sapphire substrate. Device shape, dimension and space between two adjacent devices can be well defined by adjusting the spot size and the pitch between each two successive laser beam irradiations [5] [6] . Surface of the separated GaN sample was then etched using ICP to remove the top u-GaN layer. Finally, a Cr/Al/Cr/Au layer was deposited on the cleaned n-GaN layer to serve as the n-type contact pad. Note that no thermal treatment was employed during the metallization process for the n-GaN. The schematic cross-section of fabricated n-side-up VM-LEDs with a CBL having electrodes on the top and bottom sides of the device is shown in Fig. 1(a) . For comparison, regular VM-LEDs (without a CBL) as shown in Fig. 1(b) and conventionally lateral LEDs (with p-side-up lateral structure on sapphire substrate) with the same chip size of 300 300 m 2 , were also fabricated. 
Results and Discussion
The effectiveness of the proposed CBL schemes was verified by a two-dimensional device simulator (ISE-TCAD) and the calculated current density distributions across the active region of VM-LEDs were shown in Fig. 2 . Note that the regular VM-LEDs have the largest current density underneath the n-contact pad. However, the CBL structure blocks and relieves the current crowding underneath n electrode and thus results in the reduction of photon absorption near cathode pad.
Comparison of measured I-V characteristics of fabricated LEDs is shown in Fig. 3 . It reveals that the typical forward voltage drop (V f ) of conventional LEDs, regular VM-LEDs, and VM-LEDs with a CBL at 20 mA is about 3.41, 3.03, and 3.14 V, respectively. As compared to conventional LEDs, the reduction in V f of the VM-LEDs is mainly attributed to the use of a metallic substrate, enabling a relatively less current crowding effect as well as a shorter and higher conductivity of the current conduction path. Note that the use of CBL causes just a slight increase ( 0.11 V) in V f of fabricated VM-LEDs, still favoring the high-current operations. Figure 4 illustrates the comparison of electroluminescence (EL) spectrum obtained from conventional LEDs and VM-LEDs with and without a CBL at room temperature. The inset of the figure demonstrates photo of light emission at 20 mA from the VM-LED with a CBL. The EL spectrum of the VM-LED shows the peak wavelength ( p ) located around 458.1 nm without multipeaked emission, under an injection current of 20 mA. It is evident that, as compared to conventional LEDs, a considerable improvement in EL intensity of VM-LEDs was achieved. Note that the EL intensity of VM-LEDs was further enhanced as a result of the insertion of insulated CBL. Such an improvement should be ascribed to the reduced current crowding under opaque metal n-pad. Figure 5 shows the measured light output power current (Lop-I) characteristics of VM-LEDs without and with SiO 2 CBL. The measured Lop-I curve of a conventional LED is also shown. An improvement in Lop of the regular VM-LED was about 80% at 20 mA as compared to that of the conventional LED, while for the VM-LED with a SiO 2 CBL, an increase in Lop as high as 143.6% was achieved. In addition, the Lop of the VM-LED chip with an insulating SiO 2 CBL at 20 mA was typically increased by 35.4% compared to that of the one without CBL, although the light-emitting area was reduced due to the insertion of CBL structure. In essential, as compared to the conventional LED, the VM-LED offers not only a much better capability of current spreading but also a relatively larger light-emitting area. Note that the use of SiO 2 CBL can further enhance the Lop of VM-LEDs, even though the optimization of CBL structure is under way. Such an enhancement in Lop of VM-LEDs could be again attributed to effectiveness of an inserted CBL in increasing current injection into the active layer except for the region beneath opaque metal pad and reducing optical absorption at n-contact pad. 
Conclusions
In summary, the fabrication and characterization of vertical GaN-based LEDs having a SiO 2 CBL under the n-pad has been demonstrated. With the insertion of CBL into the VM-LED structure, an improvement in light output power by 35.4% at 20 mA was achieved, as compared to that for the vertical LED chip without CBL. It is expected that the use of optimal structure for SiO 2 CBL would make possible the fabrication of VM-LEDs with even higher power and better efficiency.
